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Abstract 

The  Satellite  Positive  Ion  Beam  System 
(SPIBS)  instrument  is  being  developed  as  a charge 
ejection  payload  for  the  Air  Force  Satellite  P78-2 
(Satellite  Charging  At  High  Altitude).  SPIBS  will 
allow  controlled  ejection  of  xenon  ions  as  part  of 
the  systematic  investigation  of  satellite  charging. 

Ion  Beam  currents  of  about  0.  3 and  1.0  mA  are 
obtained  at  a beam  voltage  of  1 kV;  currents  of 
about  0.7,  1.4,  and  2.0  mA  are  obtained  at  2 kV. 
Redundant  filament  neutralizers  are  provided  to 
allow  full  or  partial  beam  neutralization  and  an 
independent  source  of  electrons.  These  neutral- 
izers can  be  biased  at  ten  levels  from  - 1 kV  to 
+ 1 kV  with  respect  to  satellite  ground.  This  paper 
describes  the  engineering  model  design,  and  pre- 
sents ion  source,  expellant,  and  power  processor 
test  results. 

1.  Introduction 

Measurements  made  on  satellites  at 
synchronous  altitude  have  shown  that  the  surfaces 
of  these  spacecraft  have  occasionally  become 
highly  charged  owing  to  energetic  electrons  in  the 
ambient.  Spacecraft  ground  potentials  of  the 
order  of  tens  of  kilovolts  relative  to  the  ambient 
plasma  have  been  seen,  with  the  highest  charging 
occurring  during  the  periods  in  which  the  space- 
craft was  not  directly  illuminated  by  the  sun. 
Observations  of  the  performance  of  equipment  on 
satellites  in  synchronous  orbit  have  indicated  that 
serious  equipment  damage  occurs  because  of  space- 
craft charging.^  A general  program  is  now  under- 
way to  study  the  entire  spacecraft  charging 
phenomenon."^  A specific  part  of  this  program  is 
the  direct  measurement  at  synchronous  altitude  of 
the  causes  of,  the  results  of,  and  possible  correc- 
tive measures  for,  spacecraft  charging.  To  make 
these  specific  studies  at  synchronous  altitude  a 
satellite,  SCATHA  (Spacecraft  Charging  at  High 
Altitude),  is  to  be  put  into  a near  synchronous 
orbit  during  1978. 

In  addition  to  instrumentation  to  accurately 
measure  the  ambient  plasma^  and  spacecraft 
v-harging,  the  satellite  payload  will  include  two 
charged-particle  ejection  systems.  It  is  planned 
to  use  these  systems  to  investigate,  in  a controlled 
manner,  the  results  of  spacecraft-to-ambient- 
plasma  potential  differences,  and  methods  of  con- 
trolling spacecraft  charging.  An  electron  gun  is 
to  be  used  to  swing  the  vehicle  positive  or  to  return 
the  vehicle  potential  to  ambient  potential.  The  Sat- 
ellite Positive  Ion  Beam  System,  SPIBS,  will  be 
used  to  emit  electrons,  beams  of  positive  ions,  or 
beams  containing  both  positive  ions  and  electrons. 


The  object  is  to  make  SPIBS  an  instrument 
that  can  be  used  to  create  a number  of  different 
spacecraft  ground-to- ambient  plasma  potential  differ- 
ences. Each  of  these  different  charge  ejection  modes 
includes  a range  of  both  emitted  current  and  particle 
energy  modes.  With  these  choices,  controllable  by 
ground  command,  it  is  expected  that  SPIBS  will  be 
used  to  swing  the  spacecraft  ground  either  positive  or 
negative  with  respect  to  the  ambient  plasma.  In  con- 
junction with  other  SCATHA  payloads,  it  will  also  be 
used  to  investigate  a variety  of  techniques  of  return- 
ing or  maintaining  spacecraft  ground  near  the  poten- 
tial of  the  ambient  plasma.  The  major  determinants 
of  SPIBS  design  come  from  two  directions;  the  mini- 
mum performance  specifications  come  from  an  analy- 
sis of  published  results  of  measurements  on  the 
synchronous  satellites  ATS- 5 and  ATS-6;^'“  the 
SCATHA  satellite  design  then  imposed  the  limitations 
on  the  maximum  weight  and  power  of  SPIBS.  The  fact 
that  the  design,  construction,  and  testing  of  SPIBS  was 
to  occur  concurrently  with  the  design  of  the  entire 
SCATHA  payload,  played  an  important  role  in  deter- 
mining the  final  form  of  SPIBS.  Certain  design  fac- 
tors had  to  be  frozen  early  in  the  program  to  allow 
SPIBS  to  be  included  as  a SCATHA  payload. 


II.  Requirements 

There  is  a body  of  evidence  that  spacecraft 
photoelectron  emission  plays  a major  role  in  deter- 
mining the  charging  of  satellites  at  synchronous  orbit 
altitude.^  To  provide  a mechanism  to  significantly 
change  the  SCATHA  spacecraft  ground  potential  during 
periods  of  solar  illumination  of  the  satellite,  ion  beam 
current  levels  were  chosen  so  as  to  be  greater  than 
the  maximum  photoelectron  emission  expected  from 
SCATHA  spacecraft  grounds.  The  requirements  for 
ion  beam  current  were  set  at  0.  3 mA,  1 mA,  and 
greater  than  or  equal  to  2 mA,  The  upper  value  was 
chosen  to  provide  a dynamic  range  for  possible  ion 
beam  currents  consistent  with  power  and  weight  limi- 
tations, Other  requirements  are  summarized  in 
Table  1. 

Ion  beam  particle  energies  of  1 and  2 keV  were 
specified  to  allow  for  a large  swing  in  spacecraft 
potential.  The  specification  for  minimum  operating 
lifetime  was  first  set  at  100  hours  and,  as  the  pro- 
gram developed,  was  increased  to  300  hours.  Empha- 
sis was  placed  on  the  requirement  that  this  lifetime 
be  achievable  through  a large  number  of  discrete 
operating  periods.  The  relatively  short  operating 
lifetime  requirement,  coupled  with  the  desire  to  take 
all  measures  possible  to  avoid  chemical  contamina- 
tion of  SCATHA  surfaces,  led  to  the  requirement  that 
a noble  gas  be  used  as  the  source  of  ions. 


*Thi3  work  was  supported  under  Air  Force  Contract  F19628-76-C-0066,  Air  Force  Systems 
Command,  Air  Force  Geophysics  Laboratory. 

*''Head,  Thruster  Systems  Section 
^Program  Manager 
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Table  1.  SPIBS  Performance  and  Functional 
Requirements 


F unction/  Pa  rameter 

Requirement 

1 . Ion  ejection 

a.  Current  range 

0.  3 to  2.0  mA 

b.  Energy  range 

1 to  2 keV 

2.  Expellant  type 

3.  Neutralizer 

N oble  gas 

a.  Control 

Operable  with  ion 
beam  on  or  off 

b.  Emission  range 

2 pA  to  2 mA 

c.  Biasing 

-1  kV  to  +J  kV 

4.  Decel  grid 

Avoid  high  voltage 
surfaces  exposed 
to  space 

5.  Operating  life 

300  hours  minimum 

6,  On/Off  cycles 

200  cycles  minimum 

7.  Weight 

7.8  kg  maximum 

8.  Input  power 

bow  maximum 
starting:  30  W 
maximum  operating 

9.  Vacuum  enclosure 
and  blowoff  Cover 

Pre-flight  testing 

10,  External  magnetic 
field 

Less  than  1 gauss  at 
10  cm  from  source 

1 1 . EMI 

MIL  STD  461  A 

12.  Vibration 

20  g RMS  random 

A variety  of  different  uses  for  SPIBS  is 
made  possible  by  including  a biasable  filament, 
which  could  be  used  as  a beam  and/or  spacecraft 
neutralizer  when  operated  in  conjunction  with  the 
ion  source.  This  biasable  filament  can  also  be 
used  independently  as  an  electron  source  and  there- 
fore as  a satellite  neutralizer.  The  maximum 
emission  current  required  from  this  filament  is 
2 mA,  the  maximum  ion  beam  current  which  had 
to  be  neutralized.  The  minimum  emission  cur- 
rent, 2p.A,  was  chosen  in  order  to  have  a wide 
dynamic  range  of  controllable  emission  levels. 
During  the  SPIBS  development  the  number  of  con- 
trollable steps  of  either  filament  current  or  bias, 
was  determined  by  weight,  power  and  packaging 
considerations.  An  explicit  decision  was  made  to 
measure  not  only  the  ion  beam  current  and  the 
current  emitted  by  the  heated  filament,  but  also 
the  net  current  emitted  from  SPIBS. 


The  weight  and  power  limitations  on  SPIBS 
were  changed  several  times  during  the  design  and 
testing  due  to  a variety  of  causes.  One  cause  was 
the  requirement  for  satellite  integration:  and  the 
other,  the  usual  one,  the  need  for  more  power  and 
weight  to  meet  ambitious  operational  goals.  The 
final  values  which  played  a major  role  in  SPIBS 
design  were  a packaged  weight  of  less  than  7,  8 kg 
and  an  input  power  of  less  than  60  watts  during 
start  up  and  less  than  30  watts  during  normal 
operation. 

In  conformity  with  SPIBS  requirements,  a 
breadboard  model  has  been  built  and  tested.  Test 
results  indicating  that  all  functional  requirements 
have  been  satisfied  are  described  herein.  Designs 
for  the  engineering  and  flight  models  have  been 
completed  along  with  test  results  for  certain  engi- 
neering model  (EM)  components.  The  EM  is  cur- 
rently in  fabrication  and  will  be  used  as  the 
qualification  model. 


III.  SPIBS  Instrument  Description 


The  requirements  and  goals  outlined  in  the 
previous  section  led  to  the  system  shown  schemat- 
ically in  Fig.  1.  The  basic  system  consists  of  an 
ion  source  assembly,  an  expellant  assembly,  and 
a power  processor.  Xenon  gas  is  delivered  to  the 
porous  plug  in  the  source  at  20  psia  through  a 
pressure  regulator  and  latching  valve  from  a res- 
ervoir initially  charged  to  about  900  psig.  Power 
for  the  ion  source  valve,  analog  telemetry,  and 
command  functions  are  provided  by  the  power 
processor  assembly  (PPA).  The  PPA  circuitry  is 
packaged  on  conventional  circuit  cards  within  a 
structural  enclosure.  An  ion  source  vacuum 
enclosure,  with  a cover  that  is  opened  by  use  of 
electroexplosive  devices,  provides  protection  for 
the  ion  source  prior  to  operation  in  space.  This 
blowoff  cover  is  designed  to  allow  for  complete 
ground  checkout  of  ion  source  and  system  prior 
to  launch. 


CONNECTORS  FOR  { 

• INPUT  POWER  ; I 
•telemetry 
•COMMANDS  1 ’ 


In  order  to  minimize  interference  with 
other  SCATHA  experiments,  the  SPIBS  structure 
exposed  to  the  ambient  plasma  had  to  be  kept 
close  to  spacecraft  ground  potential.  This  trans- 
lated into  the  requirement  of  a grounded- surface 
(decel  grid)  following  the  ion  accelerator  grid. 

One  further  element  that  contributed  to  the 
final  design  of  SPIBS  was  the  desire  to  be  able  to 
operate  the  instrument  during  spacecraft  integra- 
tion and  during  some  stages  of  satellite  pre-launch 
testing.  To  allow  for  this,  a requirement  was 
imposed  that  SPIBS  be  designed  to  operate  in  con- 
junction with  a portable  vacuum  pumping  system. 


Fig.  1.  SPIBS  functional  block  diagram. 

Ion  thruster  technology  was  used  to  develop 
the  ion  source  in  the  areas  of  ion  optics,  cathode, 
discharge  chamber,  and  expellant  line  high  voltage 
isolation.  Positive  xenon  ions  extracted  from  a 
Penning-type  discharge  plasma  are  accelerated 
electrostatically  to  high  velocity.  The  discharge 
is  operated  at  the  beam  potential  to  allow  the  ions 
to  exit  at  near-ground  potential.  In  the  discharge 
plasma,  ions  are  formed  by  collisions  between 
atoms  and  electrons.  A conventional  hollow  cath- 
ode is  used  to  generate  the  electrons  which  arc 
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then  accelerated  into  the  plasma  by  means  of  the 
discharge  voltage.  An  axial  magnetic  field  is  used 
to  restrict  electron  flow  radially  and  increase 
electron-atom  collisions.  Downstream  of  the  ion 
accelerating  grids  is  a neutralizer  in  the  form  of 
redundant  thermionically- emitting  filaments. 
Depending  upon  the  satellite  experiment  require- 
ments, the  neutralizer  could  be  used  to  neutralize 
all  or  a fraction  (including  zero)  of  the  ion  beam. 
The  neutralizer  can  be  biased  to  ±1000  V to  control 
satellite  potential  relative  to  the  space  plasma. 

System  Description 

A SPIES  schematic  diagram  is  shown  in 
Fig,  2 to  indicate  the  general  electrical  intercon- 
nections between  the  ion  source  and  PPA,  Addi- 
tional system  functions  and  interfaces  are  illus- 
trated in  Fig.  3,  These  figures  show  the  locations 
of  key  measurements,  current  paths,  and  the 
grounding  approach.  Layout  and  isometric  draw- 
ings are  presented  in  Figs.  4 and  5 respectively 
to  illustrate  the  SPIES  instrument  configuration. 
Overall  dimensions  of  the  package  are  49  x 23 
X 13  cm  and  the  engineering  model  weight  is 
7.4  kg.  Several  features  of  the  blowoff  cover  can 
be  noted,  including  the  open  and  clos.ed  positions, 
and  the  ion  beam  collector  to  be  used  during 
ground  checkout. 

Major  characteristics  of  the  SPIES  instru- 
ment are  presented  in  Table  2,  Ion  current  range 
and  energy  are  consistent  with  the  requirements 
discussed  previously.  Input  power  levels  shown 
are  based  on  testing  experience  with  the  bread- 
board ion  source  and  PPA,  The  ion  source  can  be 
operated  with  or  without  the  neutralizer,  and  the 


neutralizer  can  be  operated  without  the  ion  beam. 
Five  neutralizer  electron  emission  levels  from 
2 pA  to  2.  2 mA  can  be  obtained.  For  additional 
flexibility  in  studying  satellite  potential  control, 
the  neutralizer  can  be  biased  at  ten  levels  from 
-1000  to  +1000  V with  respect  to  satellite  ground 
(telemetry  return).  The  minimum  operating  life 
and  on/off  cycle  requirements  have  been  demon- 
strated with  the  breadboard  system.  The  expel- 
lant  reservoir  is  sized  for  2000  hours  of  operation. 

Command  capability  being  implemented  is 
indicated  in  Table  3.  A total  of  29  ground  com- 
mands provides  great  flexibility  in  SPIES  flight 
operation,  as  well  as  allowing  for  convenient 
ground  testing.  The  cathode  can  be  heated  at 
either  of  two  levels,  corresponding  to  initial  con- 
ditioning of  a new  cathode  (level  2)  or  lower- 
power  normal  startup  (level  1).  Commands  6 
and  7 turn  on  the  cathode  keeper,  beam,  and 
accel  power  supplies.  For  evaluation  testing, 
these  supplies  can  be  turned  off  separately  by 
commands  10  and  28  respectively.  Through  com- 
mands 16  and  17,  the  neutralizer  heater  supply 
can  be  connected  to  either  of  the  redundant  fila- 
ments as  desired. 

Analog  telemetry  outputs  are  provided  as 
shown  in  Table  4.  These  eighteen  outputs  allow  a 
relatively  complete  evaluation  of  SPIES  operation 
and  performance.  Except  where  noted,  the  telem- 
etry is  expected  to  be  accurate  to  ±5%  over  the 
normal  operating  range.  Higher  accuracy  is  pro- 
vided for  the  beam  current  since  this  is  one  of  the 
most  important  measurements.  Two  other  impor- 
tant measurements,  produced  by  bipolar 
electrometers,  are  provided  by  channels  13  and  14. 


TELEMETRY 

RETURN 


COMMON 


Fig.  2.  SPIES  schematic  diagram  for  ion  source  and  power  proc<*»8or. 
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The  electrometers  are  designed  to  operate  between 
-2.  5 mA  and  +2.  5 mA  (plus  corresponds  to  a net 
electron  flow  out  of  the  filament).  The  bipolar 
feature  is  required  only  for  detecting  the  net  cur- 
rent to  ground,  but  the  two  electrometers  are 
identical  to  simplify  design  and  fabrication.  For 
currents  (positive  or  negative)  greater  than  2 /uA, 
the  electrometer  outputs  will  be  accurate  to  ±10% 
of  the  true  current.  In  addition  to  the  primary 
outputs  defining  source  operation,  telemetry  is 
also  provided  for  expellant  reservoir  pressure, 
and  PPA  housekeeping.  Not  listed  in  Table  4 are 
two  flags  used  for  defining  bias  voltage  polarity, 
and  blowoff  cover  position  (open  or  closed). 

Ion  Source  Assembly 

The  SPIES  ion  source  assembly  (ISA),  as 
illustrated  in  Fig.  6,  includes  the  ion  source  and 
neutralizer  filaments,  and  a vacuum  enclosure 
endplate.  The  major  elements  of  the  source  are 

(1)  ion  optics  with  redundant  neutralizer  filaments, 

(2)  source  body  which  supports  the  magnets  and 
anode,  and  (3)  cathode- isolator-porous  plug  (ClP), 


The  ClP  supports  the  keeper,  and  interfaces  with 
the  expellant  assembly,  A photograph  of  the 
breadboard  ion  source  is  shown  in  Fig.  7 and  is 
reasonably  representative  of  the  engineering 
model  and  flight  model  configurations.  The  photo 
does  not  show  the  single  aperture  in  the  deceJ 
grid,  double  shields  on  optics  insulators,  and 
minor  fabrication  details. 

The  ion  source  is  cantilivered  fron^  three 
insulated  feedthroughs  attached  to  the  vacuum 
enclosure  endplate.  The  feedthroughs  are  tilted 
towards  the  center  line  of  the  source  at  a 10° 
angle  forming  a rigid  conical  support  base.  This 
configuration  allows  the  endplate  to  remain  small 
while  providing  sufficient  clearance  for  the  isola- 
tor assembly,  which  lies  within  the  conical  space 
formed  by  the  three  insulators.  Nine  wiring  insu- 
lator feedthroughs  are  arranged  in  a circular 
pattern  around  the  enclosure  endplate.  These  are 
also  tilted  towards  the  axis  to  allow  sputter  shields 
to  be  placed  on  the  source  end  of  the  electrical 
feedthroughs. 
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Fig.  4.  SPIES  layout  drawing 


Table  2.  SPIES  Instrument  Characteristics 
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Fig.  5.  SPIES  isometric  drawing 


Parameter 

Value 

1.  Ion  beam  current,  MA 

0. 3 to  2. 0 

2.  Ion  beam  energy,  KeV 

1 and  2 

3.  Input  power,  W 

a.  Maximum  start  up 

60 

b.  Beam  of  1 mA  at  1 kV 

30 

c.  Beam  of  2 mA  at  2 kV 

45 

d.  Full  beam  and  biased 

60 

neutralizer 

4.  Neutralizer  emission 

a.  Current  range 

2 ^A  to  2 mA 

b.  Number  of  levels 

5 

5.  Neutralizer  bias 

a.  Voltage  range 

- 1 kV  to  +1  kV 

b.  Number  of  levels 

10 

6.  Weight,  kg 

7.4 

7,  Size,  cm 

49  X 23  X 13 

H.  Operating  life,  11 

300  minimum 

9,  On/Off  cycles 

200  minimum 

FILAMENT 


MAGNET 


SCREEN 
GRID 


DECEL 

GRID 


ISOLATOR 


KEEPER 


Fig.  6.  Ion  source  assembly  layout  drawing. 


Fig.  7.  Breadboard  ion  source  photograph. 


1.27  cn.  and  a diameter  of  0.  18  mm  has  been 
found  to  combine  low  heater  power,  adequate 
emission,  and  reasonable  operate  g temperature. 

The  cathode-isolator-porous  plug  (CIP) 
subassembly  makes  use  of  the  technology  devel- 
oped for  the  8-cm  mercury  thruster.®*^  Xenon 
gas  flowrate  to  the  source  is  determined  mainly 
by  the  porous  plug,  which  reduces  the  pressure 
from  20  psia  to  a few  Torr.  The  porous  plug  is 
fabricated  from  tungsten  with  a density  of  80%,  is 
0.  32  cm  in  diameter,  and  is  about  0.  14  cm  thick. 
The  plug  is  electron-beam  welded  into  a tantalum 
housing,  with  the  sides  electron-beam  sealed  so 
that  the  gas  flows  through  the  full  plug  thickness. 

The  high  voltage  isolator  consists  of  an 
AI2O3  outer  shell  flanged  on  both  ends,  with 
alternating  ceramic  rings  and  stainless-steel 
mesh  disks  within  the  inner  passage.®’^  The  disks 
function  as  barriers  to  electrons  accelerated  by 
the  electric  field  gradient.  Within  each  gap,  the 
applied  field  gradient  is  below  the  minimum 
required  for  Paschen  breakdown.  The  flanges 
provide  a means  for  attaching  the  isolator  to  the 
porous  plug  (upstream)  and  the  cathode 
(downstream ). 


The  ion  optics  design  incorporates  several 
novel  features,  including  a single-aperture  steel 
decel  grid,  and  graphite  screen  and  accel  grids. 
Steel  was  selected  for  the  decel  to  reduce  the 
external  magnetic  field.  Graphite  was  selected 
for  the  screen  and  accel  grids  to  minimize  charge 
exchange  sputtering,  A single-aperture  decel 
grid  was  selected  to  minimize  the  trapping  of 
sputtered  accel  material  which  in  early  tests  was 
found  to  cause  a significant  buildup  on  the  decel 
and  subsequent  shorting.  The  screen  and  accel 
supplies  can  operate  into  a short,  therefore  a 
’’recycle'^  or  ^^high  voltage  trip”  is  not  included 
in  the  PPA  design. 

The  neutralizer  filaments  are  mounted 
from  the  decel  grid  using  shielded  insulators. 

The  filament  mater ial  is  tardalum  with  yttrium 
added  to  reduce  brittleness.'  A filament  length  of 


The  structural  part  of  the  isolator  sub- 
assembly  is  the  alumina  outer  housing.  Since 
alumina  is  capable  of  withstanding  very  limited 
bending  or  tension  loads,  the  isolator  is  mounted 
in  compression.  Compressive  loading  of  the  iso- 
lator housing  is  provided  by  the  belleville  washer 
between  the  upstream  flange  of  the  isolator  and 
the  enclosure  endplate. 


The  cathode  design  is  illustrated  in  Fig.  8. 
This  cathode  is  similar  to  the  5-cm  and  8-cm  ion 
thruster  cathodes  with  a modified  mount.®’ The 
cathode  assembly  is  designed  to  include  a reen- 
trant type  mount  which  has  the  effect  of  increasing 
the  thermal  conduction  path  length  and  decreasing 
the  thermal  loss.  The  cathode  is  mounted  to  one 
end  of  a central  passage  through  the  endplate  of 
the  source  body.  The  other  end  of  the  central 
passage  is  attached  to  the  isolator. 


6 


r 


ii 

I 

I 


Table  3. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 

23. 

24. 

25. 

26. 

27. 

28. 
29. 


Command 

Instrument  on* 
Instrument  off 
Expellant  valve  open 
Expellant  valve  closed 
Cathode  heater  preheat 


Ion  gun  power  on 
Ion  gun  power  off 
Beam  voltage  Level  1 
Beam  voltage  Level  2 
Keeper  off 

Discharge  current  and 
neutralizer  emission 
Level  1 

Discharge  current  and 
neutralizer  emission 
Level  2 

Discharge  current  and 
neutralizer  emission 
Level  3 

Neutralizer  emission 
Level  4 

Neutralizer  emission 
Level  5 

N eut ralize r No . 1 
N eut ralizer  N o . 2 
Neutralizer  heater  on 
Neutralizer  heater  off 
Neutralizer  bias  off 
Neutralizer  bias  positive 
Neutralizer  bias  negative 
Neutralizer  bias  I^evel  1 
Neutralizer  bias  Level  2 
Neutralizer  bias  Level  3 
Neutralizer  bias  Level  4 
Neutralizer  bias  Level  5 
High  voltage  off 
Cathode  conditioning 


Command  Capability 


F unction 

Turns  on  instrument  power 
Turns  off  all  instrument  power 
Opens  solenoid  valve 
Closes  solenoid  valve 

Turns  on  the  cathode  heater  to  Level  1 and 
turns  on  discharge  supply 

Turns  on  the  ion  gun  power 

Turns  off  the  ion  gun  power 

Sets  the  beam  power  supply  to  1000  V 

Sets  the  beam  power  supply  to  2000  V 

Turns  the  keeper  supply  off 

Sets  the  discharge  current  reference  to 
achieve  20  mA  current:  sets  neutralizer 
emission  level  to  0.4  mA 

Sets  the  discharge  current  reference  to 
achieve  125  mA;  sets  neutralizer  emission 
level  to  1.2  mA 

Sets  the  discharge  current  reference  to 
achieve  200  mA:  sets  neutralizer  emission 
level  to  2.2  mA 

Sets  neutralizer  emission  level  to  2 pA 

Sets  neutralizer  emission  level  to  20  pA 

Selects  neutralizer  filament  No.  1 
Selects  neutralizer  filament  No.  2 
Turns  on  the  neutralizer  cathode  heater  on 
Turns  off  the  neutralizer  heater 
Turns  off  the  neutralizer  bias  power  supply 
Sets  the  neutralizer  bias  for  positive  polarity 
Sets  the  neutralizer  bias  tor  negative  polarity 
Turns  on  the  neutralizer  bias  to  10  V 
Turns  on  the  neutralizer  bias  to  25  V 
Turns  on  the  neutralizer  bias  to  100  V 
Turns  on  the  neutralizer  bias  to  500  V 
Turns  on  the  neutralizer  bias  to  1000  V 
Turns  off  the  beam  and  accel  power  supplies 
Turns  on  the  cathode  heater  to  Level  2 


♦In  the  SPIES  Inetrument,  "Inetrument  on/ off”  is  implemented  by  connecting  or 
dieconnecting  28  = V Input  power. 


The  cathode  Ineert  ia  made  of  oxide- 
impregnated  poroui  tungiten.  Attachment  to  the 
cathode  tube  it  accompllehed  through  four  rhe- 
nium wiree  that  are  brazed  to  the  insert  and  spot 
welded  to  the  tube.  This  approach  wae  lelected 
after  evaluation  of  rolled  tantalum  foil  Ineerte  and 
other  impregnated  conflguratione. 


Expellant  Aeeembly 

The  expellant  aeeembly  (EA)  stores,  regu- 
lates, and  delivers  xenon  to  the  ion  source 
assembly  at  a pressure  of  20  ±2  psia.  At  this 
pressure  the  porous  plug  in  the  CIP  limits  the 
flowrate  to  about  25  scc/hr  (25  mA  equivalent). 

A drawing  of  the  EA  ia  presented  in  Fig.  9 to 
indicate  the  design  approach;  individual  compo- 
nents are  shown  in  Fig.  10. 
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Table  4,  Analog  Outputs  (Telemetry)  and 
Actual  Value  for  F'ull  Scale  (5  V) 


Channel 

No. 

Description 

Actual  Value 
for  5 V 
Output,  ± 5% 

1 

Beam  current 

2,5  mA  ( ± 2%) 

Beam  voltage 

2500  V 

3 

Discharge  current 

2 50  mA 

4 

Discharge  voltage 

50  V 

5 

Keeper  current 

2 50  mA 

6 

Keeper  high  voltage 

1000  V 

7 

Keeper  low  voltage 

50  V 

8 

Cathode  heater 
cur  r'^nt 

5 A 

9 

Accel  current^ 

2,  5 mA 

10 

Decel  current^ 

2.  5 mA 

11 

Neutralizer  heater 
current 

5A 

12 

Neutralizer  bias 
vo  Itage 

1000  V 

13 

Neutralizer 
emis  sion^ 

2.5mA(±  lO'y.) 

14 

SPIES  net 
cur  rent^ 

2 . 5 mA  ( ± 1 O'?! ) 

15 

Tank  pressure 

1500  psia 

16 

Power  processor 
tempe  rature 

See  calib 
cu  rve 

17 

PPA  AC  inverter 
current 

1.  5 A 

18 

PPA  AC  inverter 
vo  Itage 

50  V 

^To  indicate  anomolous  condition 

^In  three  ranges:  2.5  to  25  /iA:  25  ^A  to 

250  nA;  250  pA  to  2.  5 mA 

Fig.  8.  Cathode  assembly  design. 


TRANSDUCER 


Fig.  9.  Expellant  assembly  drawing . 


Fig.  10.  Expellant  assembly  component  photograph. 


The  reservoir  is  manufactured  by 
Accessory  Products  Division  of  Hydraulic 
Research  and  Manufacturing  and  is  a DOT  rated 
commercial  aircraft  part.  When  filled  to  900  psi, 
this  reservoir  contains  about  50  standard  liters  of 
xenon.  At  the  design  flowrate,  this  will  provide 
about  2000  hours  of  operation.  Attached  to  the 
reservoir,  as  shown  in  Fig.  9,  is  a fitting  used 
for  filling  and  a pressure  transducer.  The  semi- 
conductor type  transducer  is  built  into  a standard 
screw  and  is  manufactured  by  Entran Devices,  Inc. 

The  latching  valve  and  pressure  regulator 
are  manufactured  by  Carleton  Controls  Corpora- 
tion. The  latching  valve  requires  about  1.  0 A at 
28  V to  open  and  about  0.  1 A to  close;  power  is 
applied  for  100  ms.  The  regulator  will  control 
from  the  initial  pressure  of  900  psi  down  to  less 
than  15  psi  (30  psia).  Thus,  virtually  all  the  gas 
in  the  reservoir  can  be  utilized. 

Power  Processor  Assembly 

The  function  of  the  power  processor 
assembly  (PPA)  is  to  operate  and  control  the  ion 
source,  operate  the  expellant  valve,  provide 
telemetry  data,  and  accept  commands  from  the 
satellite.  This  section  describes  the  design  being 
implemented  to  meet  the  requirements  shown  in 
Table  5 and  the  characteristics  discussed  in  pre- 
vious sections,  .Simplicity,  low  cost,  and  niini- 
mum  development  risk  have  beem  emphasized. 

A functional  block  diagram  of  the  l^PA, 
shown  in  Fig.  11,  indicates  the  general  power 
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Table  5.  Power  Supply  Requirements 


Powe  r 
Supply 
No.  . 

Powe  r 
Supply 

Name 

I'ipi- 

M.iMinum 
Voltage 
Kel.tlise  to 
S/  C CINH. 

V 

Nl.ixiniiin. 

I’t)We  r 

1 s pi 
Pow 

ill 

1<  euul.iiion 

Han^e  of 

(Current, 

A 

V 

Current, 

A 

Voll.iye , 

V 

Control 

1 

Cathode 

Heate  r 

AC 

+ ZOOO 

4.  5 

- 

0 

0 

I.uup 

1. 0 to  4.  5 (I) 

1 

Cathode 

Keeper 

DC 

»2000 

0.  - 

2S'‘ 

0.  15 

20 

5 (II 

0.  05  to  0.  2 (I) 

i 

Discharge 

DC 

f2000 

0.  20 

HJ 

0.  i 

iO 

5 (1) 

0.  01  to  0.  20  (I) 

4 

Beam 

DC 

(1 

1 \ 10** 

2000 

1 ■ 10'^ 

I 000 

S (V) 

1000  to  2000  (V) 

\'aricB  with  beam  j 

5 

Accelerator 

DC 

0 

1 \ 1 0 

hOO 

2 S In  ^ 

iOO 

S (V) 

voltage  j 

6 

Neul  rali/e  r 
Heate  r 

AC 

±10U0 

i 

i 

2, 

2.  5 

Loop 

1 0 to  iO  (n 

7 

Neutralizer 

Bias 

±DC 

U 

i . n.-* 

1 uoo 

1 X 111"' 

0 

5 (VI 

♦ 10  to  • 1000  V 

^1000  V optT  circuit 


TO  LOAD 

Vt/M 

't/m 


TO  LOAD 


'T/M 

TO  LOAD 

Vt/M 

't/m 


TO  LOAD 

Vt/M 

't/m 

TO  LOAD 

't/m 


TO  LOAD 

Vt/m 

't/m 


I SUPPLY  ^ 

Fig.  11.  Power  processor  assembly  functional  block  diagram. 
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processing  technique.  Input  power  is  first  regu- 
lated at  2 1 V dc.  A 25-kII/.  square-wave  synchro- 
nised inverter  thc?n  produces  42  V rms  ac  for  each 
power  supply.  Saturable  reactor-type  power  sup- 
plies are  generally  used. 

The  major  feature  of  this  design  is  the 
achievement  of  electrical  isolation  between  the 
input  power  lines,  the  command  lines,  telemetry, 
and  the  outputs  of  the  various  supplies.  The  iso- 
lation of  the  command  lines  is  obtained  by  using 
relays.  The  relay  coils  provide  electrical  isola- 
tion, and  magnetic  latching  provides  nonvolatile 
storage  of  the  received  commands.  The  isolation 
between  input,  output,  and  the  telemetry  lines  is 
achieved  by  transformer.  Each  individual  supply 
has  an  output  transformer  and,  where  required, 
includes  isolated  voltage-sense  windings  and  a 
current  transformer  on  the  primary  for  voltage 
and  current  telemetry,  respectively. 


The  breadboard  PPA  has  been  tested 
against  the  electromagnetic  interference  (EMI) 
requirements  of  MIL  STD  461  A.  Except  for  a 
few  high  frequency  ranges,  the  SPIES  unit  met 
the  conducted  emissions  requirements;  tests  for 
input  line  susceptability  were  also  successful. 
Although  the  EMI  characteristics  of  the  PPA  may 
be  slightly  different  in  the  packaged  configuration, 
these  tests  showed  that  the  filtering  design  is 
basically  correct. 

IV.  SPIES  Test  Results 

A number  of  tests  have  been  performed 
during  the  SPIES  development  process  to  evaluate 
performance  of  various  assemblies  and  to  verify 
design  techniques.  The  types  of  tests  include  the 
following: 

Ion  source  assembly 


Supplies  for  discharge,  neutralizer  heater, 
and  cathode  keeper  are  fixed  setpoint  supplies, 
and  are  current  limited  by  saturable  reactor  for 
short-circuit  protection.  The  beam/accel  and 
cathode  heaters  supplies  use  saturable  reactors 
both  for  controllability  and  current  limiting.  The 
neutralizer  bias  supply  is  transistor  regulated. 
The  line  regulator  is  a "buck"  switching  regulator 
which  converts  the  unregulated  24-to-32-V  input 
bus  to  regulated  21  V dc.  An  input  filter  is 
required  to  prevent  the  ripple  current  generated 
by  the  line  regulator  from  appearing  on  the  input 
power  bus  lines. 


The  PPA  circuits  are  packaged  on  three 
cards,  as  shown  in  Fig,  5.  Components  are 
mounted  on  both  surfaces  of  the  magnesium 
channel-section  structural  member.  A typical 
circuit  card  layout  is  shown  in  Fig.  12  and  illus- 
trates the  packaging  techniques.  Both  the  termi- 
nal strips  and  magnets  are  bonded  to  the  plate. 
Without  magnetics  mounting  studs,  a relatively 
large  area  is  made  available  for  component 
mounting.  A qualification  vibration  test  of  a sec- 
tion of  a typical  loaded  circuit  card  was  success- 
fully performed  to  evaluate  this  packaging 
approach. 


tig.  12.  Typical  PPA  circuit  card  layout. 


• Electrical  performance 

Ion  source 

Neutralized  ion  source 
Electron  source 
Biased  electron  source 

• PPA  integration 

• Endurance 

• Startup  cycling 

• Vibration  of  ion  optics 

• Operation  in  blowoff  cover 

Expellant  assembly 

• Regulator  performance  with  ion 
source 

• Latching  valve  operation 

• pressure  transducer  calibration 

power  processor  assembly 

• Breadboard  electrical  efficiency 

• Functional  evaluation  of  all  circuits 

• Ion  source  integration 

• Endurance  using  ion  source 

• EMI 

t Commands  and  telemetry 

• Sample  circuit  card  vibration 

The  ion  source  test  configuration  is  shown 
in  Fig.  13.  The  first  view,  with  the  vacuum 
enclosure  removed,  shows  the  breadboard  model 
ion  source  mounted  on  the  vacuum  enclosure  end- 
plate.  The  second  view  shows  the  normal  test 
configuration  with  the  cover  open.  Tests  were 
performed  with  the  cover  closed,  using  the  graph- 
ite collector  in  the  cover  to  measure  ion  current. 
With  the  cover  closed,  pumping  occurs  through 
the  port  seen  in  Fig.  13(a;.  In  all  tests,  a ground 
shield  is  installed  over  the  vacuum  feed-through 
terminals.  The  regulator  and  latching  valve  were 
attached  to  the  plat.;  behind  the  vacuum  flange. 
Tests  were  conducted  with  both  lab-type  power 
supplies  and  the  breadboard  PPA. 


10 


(b)  Vacuum  enclosure  installed  with  blowoff 
cover  open 

Fig.  13.  Ion  source  test  configuration. 

Ion  Source  Assembly 

Representative  ion  source  performance  data 
are  shown  in  Fig.  14  showing  beam  current  as  a 
function  of  discharge  current  at  two  beam  voltages. 
The  desired  beam  current  is  obtained  by  selecting 
one  of  three  discharge  current  levels.  Since  beam 
current  also  varies  slightly  with  beam  voltage,  a 
total  of  six  current  levels  can  be  obtained.  Also 
illustrated  in  this  figure  is  the  fact  that  perform- 
ance is  relatively  insensitive  to  keeper  current. 

Typical  ion  optics  characteristics  are 
presented  in  Fig.  13  showing  (a)  beam  current 
versus  total  extraction  voltage  and  (b)  accelera- 
tor current  versiis  total  extraction  voltage.  Since 


Vacuum  enclosure  removed 


(a) 


total  extraction  voltage  is  the  sum  of  the  screen 
and  accelerator  voltages,  the  1-kV  and  2-kV  beam 
voltage  levels  correspond  to  totals  of  1,  3 kV  and 
2.  6 kV,  respectively.  Operation  at  all  levels  is 
below  the  perveance  limit, 

2.5  I 1 1 1 1 1 


0 I 1 1 1 u ' ' 

0 40  80  120  160  200 

DISCHARGE  CURRENT,  mA 

Fig.  14.  Beam  current  versus  discharge  current. 

In  terms  of  endurance,  several  tests  of 
200  to  300  hours  duration  were  conducted  to  eval- 
uate various  aspects  of  the  source  design.  A 
600-hour  test  was  then  conducted  to  verify  the 
engineering  model  ion  optics  design.  In  addition, 
startup  (on/off)  tests  to  evaluate  cycling  capability 
have  been  performed  with  several  cathode  insert 
configurations.  Approximately  400  cycles  were 
conducted  with  the  EM  insert  design  with  no 
apparent  change  in  characteristics.  Most  per- 
formance, endurance,  and  cycle  tests  were 
accomplished  using  the  breadboard  PPA, 

A vibration  test  to  qualification  levels  was 
performed  on  the  ion  optics  subassembly  mounted 
to  a representative  source  body.  The  primary 
purpose  of  this  test  was  to  provide  assurance  that 
the  graphite  grids  and  tantalum  filaments  are 
satisfactory  dynamically.  No  difficulties  were 
encountered,  and  an  engineering  model  optics- 
design  baseline  was  thereby  established. 

As  a further  verification  of  the  engineering 
model  system  design,  an  ion  source  test  was  per- 
formed with  the  blowoff  cover  closed,  but  with  the 
pumpout  port  open.  This  type  of  test  simulated 
ground  checkout  operation  in  which  a vacuum  sta- 
tion will  be  used  to  pump  the  xenon  gas  through 
the  cover  pumpout  port.  Beam  currents  up  to 
1 mA  with  a beam  voltage  of  I kV  were  obtained 
without  difficulty. 

Expellant  Assembly 

The  critical  portions  of  the  engineering 
model  expellant  assembly  have  been  successfully 
tested  separately  and  with  the  ion  source.  Both 
the  regulator  and  latching  valve  were  used  during 
the  600-hour  ion  source  test.  In  that  test,  a stan- 
dard lecture  bottle  was  expended  from  about 


1 1 1 ^ 

XENON  PRESSURE  - 20  ± 0.2  psia 

OKPR  CURRENT  - 150  mA 
□ KPR  CURRENT  - 100  mA 
- SOLID  POINTS  - Vjj  - 2 kv  ^ 

OPEN  POINTS  - Vb  - 1 kv 

■ ^ 

CMO  13 

CMD  12 

'^CMD  11  ^ I 

1 
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ACCELERATOR  CURRENT,^  BEAM  CURRENT,  mA 


4.00  , 


XENON  PRESSURE  - 20  ± 0.2  psia 
KPR  CURRENT  - 150  mA 

3.00 


L 1 . ! I . 

0.4  0.8  1.2  1.6  2.0  2.4  2.8 


PPA  have  been  evaluated,  mcludinj*:  (1)  basic 
operation  of  the  ion  source  over  the  full  power 
range,  (2)  operation  and  control  of  the  neutral- 
i/.ers,  <3)  biased  operation  of  the  neutralizer, 

(4)  operation  of  both  electrometers,  (5)  operation 
from  simulated  ground  commands,  and  (6)  cali- 
bration of  telemetry  outputs.  Based  on  this  rela- 
tively extensive  testing  of  the  breadboard,  the 
PPA  circuit  design  was  finalized  for  engineering 
model  fabrication, 

'rhe  PPA  packaging  concept  shown  pre- 
viously in  Fig.  12  was  evaluated  dynariiically.  A 
15-cm  length  of  a circuit  card  was  assembled 
using  the  proposed  engineering  model  fabrication 
techniques.  Magnetics  and  terminal  strips  were 
bonded  to  the  magnesium  plate,  dummy  compo- 
nents were  installed  and  the  card  was  conformally 
coated.  A qualification  level  vibration  test  was 
conducted  without  incident. 


TOTAL  EXTRACTION  VOLTAGE,  kV 

(a)  Beam  current  versus  total  extraction 
voltage 


TOTAL  EXTRACTION  VOLTAGE,  kV 

(b)  Accelerator  current  versus  total  ex- 
traction voltage 


Fig.  15.  Ion  optics  characteristics. 


boo  psig  down  to  about  10  psig.  The  pressure 
transducer  type  selected  for  the  EM  system  was 
calibrated  over  the  expected  pressure  range  and 
was  found  to  be  stable  within  ±10%  over  a temper- 
ature range  from  -40  to  +80®C. 

Power  Processor  Assembly 


EMI  tests  were  performed  on  the  bread- 
board for  conducted  emissions  and  susceptibility 
using  MIL  STD  461A  as  a reference.  Filters 
added  to  the  line  regulator  were  found  to  satisfy 
the  major  requirements.  Slight  changes  to  the 
line  regulator  control  response  were  implemented 
to  meet  susceptibility  requirements. 

System  Operation 

rhe  .SPIB.S  elements  have  been  tested  indi- 
vidually, in  pairs,  and  as  a system.  A good  indi- 
cation of  system  performance  is  shown  in  Fig.  16 
in  which  input  power  is  presented  as  a function  of 
operating  mode.  These  data  were  taken  with  the 
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The  most  lengthy  testing  of  the  PPA  has 
occurred  in  conjunction  with  ion  .source  endurance 
testing.  Virtually  all  functional  aspects  of  the 


l ig.  16.  .SPIBS  input  power  as  a function  of 
ope  rating  niod«‘ . 
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breadboard  system.  The  first  conmiand  "instru- 
ment on"  activates  the  line  rej^ulator  and  ac  dis- 
tribution inverter  to  allow  housekeeping  functions 
to  be  monitored.  The  "cathode  preheat"  command 
turns  on  the  cathode  heater  and  discharge  supply. 
After  a period  of  a few  minutes  {1-5  typically), 
keeper  voltage  is  applied  and  the  d»scharj  e ignites. 
When  the  discharge  voltage  falls  below  40  V.  the 
cathode  heater  is  automatically  turned  off.  From 
this  point  on,  a wide  range  of  options  are  avail- 
able for  beam  current,  bean\  voltage,  neutraliza- 
tion, and  biasing.  A few  of  the  typical  modes  are 
illustrated  in  Fig.  16.  Although  biasing  is  illus- 
trated only  for  full  beam  power,  the  complete  bias 
range  of  ±l  kV  can  be  used  with  any  beam  current 
or  voltage  setting.  Considering  that  the  system 
can  be  operated  as  an  ion  source  alone,  as  a 
neutralized  ion  source,  and  as  an  electron  source 
alone,  each  with  and  without  biasing,  a total  of 
290  operating  modes  are  available  with  SPIES. 


V.  Conclusions 


As  a result  of  the  work  described  in  this 
paper,  a satellite  ion-ejection  instrument  has  been 
designed  and  built.  The  flexibility  of  this  instru- 
ment should  make  it  a valuable  tool  in  the  study  of 
satellite  charging  on  SCATHA  and  on  other  space 
vehicles.  The  SPIES  design  provides  a life  of 
more  than  300  hours,  and  satisfies  the  SCATHA 
satellite  instrument  requirements  on  weight, 
power,  EMI,  and  quality  assurance.  Demon- 
strated capabilities  and  features  that  contribute 
to  the  instrument’s  flexibility  include: 

1.  Ability  to  eject  an  unneutralized  ion 
beam  having  a current  range  ofO.  3 mA 
to  2.  0 mA  at  beam  energies  of  1 keV 
and  2 keV, 

2.  Ability  to  eject  a partially  or  fully 
neutralized  ion  beam  having  the  above 
current  and  voltage  range. 

3.  Ability  to  bias  the  neutralized  ion 
beam  relative  to  satellite  ground  over 
the  range  of  -1  kV  to  +1  kV, 


4.  Ability  to  emit  electrons,  without  an 
ion  beam  from  the  neutralizer  fila- 
ment which  can  be  biased  from  - 1 kV 
to  +1  kV  relative  to  satellite  ground. 
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